In this study, a dual rotation centrifugal electrospinning system (DRCES) is designed, developed, and used to prepare medicated fabrics. Through simultaneous rotation of both spinneret and collector, multi-directional blended fiber matrices (PVP and TPU) were deposited directly on the rotating collector. To detail the process, key stages of the centrifugal electrospinning process are elaborated, and the influence of gas infusion and collector rotation speed on resulting fiber morphologies was explored. Multidirectional fibrous structures show in vitro biocompatibility (fibroblast). Regulation of drug release rate was achieved using polymer composition and filament alignment. This study demonstrates a rapid fabrication method (~50 g/h) to engineer layered fibrous structures using DRCES, which provides a foundation for preparing complex drug matrices (single and multi-directional) for tailored active component release.
Introduction
Developments in nanoscience and fiber technology have extended opportunities in several fields such as textile [1] , environment [2] , and biomaterial sciences [3] . Micron-and nanoscaled fibers have attracted appreciable attention due to their inherent properties, such as enhanced specific surface areas and greater absorption ability [4, 5] . Common fiber fabrication methods include phase separation [6] , self-assembly [7] , electrohydrodynamic printing [8] , melt spinning [9] , blow spinning [10] , and electrospinning (ES) [11] . Compared to other methods, ES is the most simple approach for nanofiber production, due to process simplicity and versatility [12, 13] .
The ES technique has matured over the last decade and more recent advances enable greater control on fiber morphology and alignment (e.g., using parallel electrode or drum collectors) [14, 15] . During the ES process, fiber diameter and morphology are modulated through working parameters, which include solution concentration, applied voltage, and collecting (deposition) distance [16, 17] . Electrospun fibers range in size from tens of microns to tens of nanometers [18] and have shown exciting potential in biomaterial science [19] , biomedical engineering [20] , energy engineering [21] , and drug delivery sciences [22, 23] . However, the standard ES driving force (e.g., electric field) and mono-needle device setup impose restrictions on fiber output, with the common production rate estimated to be in the range 0.1-0.5 g/h [24] .
Recent advances have focused on the development of highly aligned fibers using a modified ES process called centrifugal electrospinning systems (CES) [25] . Here, a centrifugal drawing force is utilized alongside the conventional electrical force to improve both yield and alignment. Both forces stretch and elongate the liquid polymer jet to form fibers. Fiber production rate using CES can reach 120 g/h [26] , with fiber alignment enhancing fabric tensile modulus as well as breaking strength, making such fibrous architectures more well suited for urgent healthcare challenges [27, 28] . Most advances in CES device design have focused on improving fiber alignment and congruence [29] , which leads to reduced formulation loading capacity and lower production efficiency for conventional CES spinneret systems. While this may be a limitation for current CES systems, physical properties (including drug release rate) of drug-loaded fibrous membranes are regulated by spatial arrangement of fibers within a defined matrix [30, 31] . Fiber patterning and topographic variation are emerging as important cues to customize drug release efficiency [32] , while drug-loaded fiber alignment can be used to enhance tensile properties [33] .
In this study, a modified CES system possessing twospinneret compartments and rotating collector is designed and developed. A combinatorial material selection approach is shown using polyvinyl pyrrolidone (PVP) and thermoplastic polyurethane (TPU) which provides a route to blend and engineer mat compositions from multiple fibers. Multidirectional fiber patterning is generated for the first time using CES via both coordinate spinneret and collector rotation. Directional modulation of fibrous structures shows diverse biological and pharmaceutical properties. Combining centrifugal and electric forces is shown to be more effective in overcoming output limitations compared to ES. Integrating air modulus promotes gaseous solvent molecule circulation around the collecting plate, which accelerates fiber solidification and increases fiber yielding rate.
Materials and methods

Material and solution preparation
PVP (mean M w = 1.3 × 10 6 g/mol) and rhodamine B (RB, mean M w = 479.01 g/mol) were purchased from SigmaAldrich Ltd., St Louis, USA. TPU was purchased from Solvay China Ltd., Shanghai, China. Acriflavine (Ac, mean M w = 259.73 g/mol) was purchased from Macklin, Shanghai, China. N,N-dimethylformamide (DMAc) and ethanol (EtOH) were purchased from Sinopharm Chemical Reagent Co., Ltd., Beijing, China. Tetracycline hydrochloride (TE-HCl) was supplied by Amresco, USA. Phosphate-buffered saline (PBS) was purchased from Sinopharm Chemical Reagent Co., Ltd., Shanghai, China. A Millipore Milli-Q Reference ultra-pure water purifier (USA) was used to prepare deionized water (DI water). All materials were of the analytical grade and were used as received without further purification.
The optimal concentration of selected polymers (in solution) for centrifugal electrospinning was based on previous work [29] . Therefore, 20 wt% PVP solutions were prepared by dissolving 3.95 g of the polymer in 20 mL ethanol under continuous mechanical stirring at 25°C for 3 h to ensure complete dissolution. 27.5 wt% TPU solutions were prepared by dissolving 7.21 g of the polymer in 20 mL N,Ndimethylformamide under continuous mechanical stirring at 50°C for 24 h to ensure complete dissolution. Addition of probe (dye) was fixed at 1 w/w% of the respective polymer content; 0.04 g Acriflavine was added to 20 wt% PVP solution and 0.07 g Rhodamine B was added to 27.5 wt% TPU solution. Samples were stored and dried at 25°C for 24 h.
System
The experimental setup of the dual rotation centrifugal electrospinning system (DRCES) is shown in Fig. 1a . The system comprised rotating spinneret, rotating collector, highvoltage power supply (maximum applied voltage ∼ 30 kV, 0.1 mA) (Glassman High Voltage Inc. series FC, USA), and DC motor (maximum ∼ 15,000 rpm). The spinneret hosts two individual solution compartments; the volume of each compartment was 2 mL with a diameter of 11 mm and 41 mm in length. The overall dimensions of the spinneret were 54 mm in length and possessed an upper diameter of 24 mm. The processing needle outlet is placed at the base of the compartment. The diameter of the needle is adjustable (from 0.2 to 0.6 mm in size). The rotating collector comprised a speed motor (regulated, range~0-90 rpm) and a collecting plate. The distance between the conductive collecting plate and needle was fixed to 7 cm. The size of the collecting plate was 75 mm in length and 40 mm in width. Airflow with set temperature was provided to the posterior of the collecting plate (DHCHG11600, Delixi electric, China) and was used to accelerate fiber solidification. Five types of fibrous membranes (single to multidirectional) exhibiting various stack angles (180°, 90°, 60°, 45°, n°) were fabricated by regulating collector rotation angle and rotation speed, while the applied voltage and rotation of driving motor were kept at.
Characterization
Microscopic examinations
Fiber morphology and arrangement was assessed using optical microscopy (OM) (Pheonix BMC503-ICCF, China), scanning electron microscopy (SEM) (Hitachi, Japan), and fluorescent microscopy (FM) (Eclipse Ti-S, Nikon, Tokyo, Japan). Prior to SEM analysis, samples were sputter-coated (Sputter coater 108 auto, Cressington Scientific Instruments Ltd., UK) with Pt for 90 s at a current intensity of 25 mA. All samples were observed at an accelerating voltage of 20 kVand × 500 magnification. Fluorescent micrographs were obtained using an inverted microscope equipped with a digital camera (DSQi2, Nikon, Tokyo, Japan). All samples were analyzed at × 10 magnification. Polymer solutions were labeled through addition of 1 w/w% of selected fluorescent probe: Acriflavine (green, excitation in 440 nm) or rhodamine B (red, excitation in 540 nm).
Image process
Mean fiber diameter was obtained using ImageJ software (National Institute of Health, USA) enabling statistical distribution measurements. Here, a random sample of 100 fibers from each experiment was assessed and imported into Origin software (OriginLab, USA) for further analysis and graphical representation. Error bars were plotted to represent the mean ± standard deviation.
Fourier transform infrared spectroscopy
Sample composition was determined by Fourier transform infrared spectroscopy (FTIR) (IR Affinity 1, Shimadzu, Japan). Prior to analysis, the KBr pellet pressing method was used to prepare samples. Here, 2 mg of engineered fibers was dispersed in 200 mg of KBr medium through grinding and was then compressed into transparent pellets (20 MPa). Spectra were obtained at a resolution of 4 cm −1 (over the 4000-400 cm −1 region).
Water contact angle measurements
Water contact angle (WCA) analysis measured by optical contact angle meter (SL200KB, KINO Industry Co. Ltd., USA) was used to investigate hydrophobicity/hydrophilicity of five fibrous samples with varying fiber deposition angles (180°, 90°, 60°, 45°, n°). Sample contact deposition times were all fixed at 1 min and subsequently samples were layered onto an object slide. A three-axis horizontal tilt stage was used to perform measurements and all data were observed in the sessile drop mode at 25°C. A water droplet (∼ 10 μL) was pipetted onto each membrane sample. Mean WCA values of each sample were recorded 2 s after droplet release, when the droplet status acclimatized. The mean of three readings was obtained.
X-ray diffraction
For sample crystallinity, X-ray diffraction patterns of selected samples (PVP fibers, TPU fibers, and PVP-TPU composite fibers) were obtained using Gemini A OHra diffractometer (Oxford, Varian, UK) system over the range 3-60°.
Measurements were obtained using a voltage of 40 kV, a current of 40 mA, and an angular step of 0.02°.
Drug release behaviors
Antibiotic drug release from selected fibrous samples was demonstrated using UV spectroscopy. Prior to release tests, a linear calibration curve of standard TE-HCl solutions ranging from 5 to 100 μg/mL was plotted using UV spectroscopy (UV-2600, Shimadzu, Japan). For TE-HCl release studies, 1 mL of supernatant was removed for UV measurements and an equal volume of fresh release medium was added to the test medium. TE-HCl concentration was determined at 356 nm. Selected fibrous samples were immersed in a sealed bottle containing 100 mL of PBS at a temperature of 37°C. HZ-8801 K thermostatic oscillator (Taicang Science and Education Factory, China) was used to agitate sample vials at a speed of 200 rpm. Equation (1) was used to determine cumulative release of TE-HCl (η).
where m is quantity of TE-HCl in the solution at specified time points and M is the maximum quantity of TE-HCl in the solution at infinite time. In vitro biological evaluation Cytotoxicity of structures (exhibiting various alignments) was determined using fibroblast cells (L929 cell lines). L929 cells were incubated and maintained in MEM medium with 10% FBS at 37°C, in 5% CO 2 . The culture medium was changed every 2 days. Fabric collecting time using DRCES was fixed at 1 min, and all samples were cut into specific dimensions (60 mm × 40 mm). Prior to cell culture assessment, fibrous samples were sterilized under UV light for 24 h. As for cell morphology assessment, L929 cells were seeded onto fibrous membranes (single to multi-directional) at a density of 4 × 10 4 cells/mL. After 48-h incubation, cells were fixed using 4 v/v% formalin for 15 min at the ambient temperature, washed using PBS, and permeabilized using 0.1% Triton X-100 for 10 min. Cell cytoskeleton and nuclei were stained with Alexar Fluor 546 phalloidin (Invitrogen, Carlsbad, CA, USA) (1:100 dilution) and 4′,6′-diamidino-2-phenylindole hydrochloride (DAPI, Invitrogen) for 1 and 5 min, respectively. Samples were then washed with PBS and visualized using an inverted fluorescence microscope (Nikon Ti-S, Japan).
Statistical analysis
All experiments were performed in triplicate and data were presented as the mean ± standard deviation (n = 3). Statistical analysis was carried out using SPSS software (SPSS Statistics v18, IBM, UK). Statistically significant differences among variables were tested using a one-way analysis of variance (ANOVA) followed by Student's t test (*P < 0.05).
Results and discussions
Dual rotation centrifugal electrospinning system
Formulation hosting compartments are capable of carrying various types of media including polymeric materials, suspensions, slurries, and emulsions. Replenishing compartments at the end of each CES process run is simple. During the CES process, both centrifugal and electric field forces act on perfusing formulations. Corresponding fiber forming stages are shown in Fig. 1b , and the whole process is divided into four stages. The first stage (Fig. 1b (I and V) ) includes the preparation period when needles are saturated with formulation from respective compartments. The second stage (Fig. 1b (II  and VI) ) is initial jet phase, where the jet is ejected outwards along a spiral trajectory due to the balance between surface tension and internal pressure of solutions within tubes. The third stage is the stretching phase (Fig. 1b (III and VII) ) and is accomplished through application of rotary motion (and speed) and high voltage to respective solutions. Here, the solution jet continues to extend along a pre-determined trajectory, although the magnitude of applied forces will affect the stretching ratio, resulting in variations to fiber diameter. The last stage is solidification, where the jet travels until it reaches the walls of the collector with continuous solvent evaporation (Fig. 1b (IV and VIII) ). Once achieved, the remaining solvent evaporates, fibers solidify, and layered fibers are ready to be removed as a fibrous film or mesh. The degree of evaporation influences fiber morphology, with flat (2D) fibers forming with inadequate solvent evaporation. Due to the significantly increased fiber production rate in CES, gaseous solvent concentration around the collecting plate increases, which hinders solvent volatilization yielding fibers with variable and poor morphology. Fig. 2 The analysis of controlling parameters. a Mean TPU and PVP fiber diameter distribution modulated using various collector rotation speed. b The impact of collecting temperature and air flow rate to fabricated fiber diameter A schematic diagram of fabricated fibrous structures is shown in Fig. 1c . One-directional fiber patterning was achieved by fixing the angle of the collector; two to four direction patterns were prepared by adjusting the angle of the collecting plate to 90°, 60°, and 45°. Multi-directional structures were fabricated by applying a continuous rotating speed (30 rpm) to the collector.
Effect of controlling parameters
According to previous studies [26] , a spinneret rotation speed of 200 rpm, 0.4-mm needle diameter, and 18-kV working voltage are capable generating PVP and TPU fibers using CES. PVP and TPU solutions were injected into respective compartments and the impact of process parameters (plate rotation speed, collecting temperature, and gas infusion speed) on fiber morphology was explored. Figure 2a shows that increasing the collector rotation speed leads to a reduction in fiber diameter. When the rotation speed was fixed at 0, 30, 60, and 90 rpm, the corresponding mean PVP fiber diameters were 8.9 ± 3.5, 8.1 ± 4.6, 7.4 ± 2.8, and 6.1 ± 2.4 μm. Mean TPU fiber diameters were 5.4 ± 1.2, 5.3 ± 2.0, 4.6 ± 1.8, and 3.9 ± 1.3 μm, respectively. Accelerating the collector rotation speed causes the plate to stretch fibers, which leads to decreased mean diameters.
Variations to fiber distribution based on collecting temperature and gas infusion speed are shown in Fig. 2b . When minimal infusion speed (0 m/s) and ambient temperature (20°C) are applied, mean fiber diameters are 9.4 ± 3.4 and 6.5 ± 1.6 μm for PVP and TPU fibers, respectively. When the air infusion speed is increased to 2.9 m/s, the mean PVP fiber diameter is 8.5 ± 2.5 μm at 50°C, 7.4 ± 1.8 μm at 80°C, and 7.6 ± 2.2 μm at 110°C. Here, fiber diameter increases with increasing temperature from 50 to 110°C. When applying high air infusion speed (5.4 m/s), the corresponding PVP fiber diameter is 5.6 ± 1.6 μm at 50°C, 5.4 ± 1.7 μm at 80°C, and 6.1 ± 1.9 μm at 110°C. Compared with low air infusion speed, increasing air flow rate decreases the PVP fiber diameter. A similar trend is observed in TPU fibers; the average TPU diameter is 5.3 ± 1.6 μm at 50°C, 5.9 ± 1.2 μm at 80°C, and 6.1 ± 1.5 μm at 110°C using low air infusion speed. And the average TPU diameter is 4.6 ± 1.4 μm at 50°C, 5.0 ± Fig. 3 Optical and electron micrographs of PVP and TPU fibers with different directional structures. a Electron micrograph of fabricated aligned PVP fibers with one direction. b-f Optical micrograph of one-to multidirectional PVP fibers. g Electron micrograph of fabricated aligned TPU fibers with one direction. h-l Optical micrograph of one-to multi-directional TPU fibers 1.1 μm at 80°C, and 5.7 ± 2.0 μm at 110°C when applying high air infusion speed. An increase in air infusion rate results in enhanced flow of gaseous solvent molecular around the collecting plate, which accelerates the solvent evaporation and fiber solidification, thus decreasing fiber diameter. Fiber diameter increases with increasing heating temperature from 50 to 110°C. The possible explanation for this variation tendency is related to the melting point of PVP (130°C) and TPU (180°C) [34, 35] ; higher collecting temperature directly hinders polymer solidification since the polymer will be in a partially molten state [36] and have poor morphology, which causes higher fiber diameter distribution in data analysis. Solvent evaporation and polymer solidification [37] are two interplaying processes during fiber formation, the added gas infusion module accelerates solvent evaporation, and heating module impedes polymer solidification.
Multi-directional patterning of single material
Herein, multi-directional structures using one material (20 wt% PVP or 27.5 wt% TPU) were generated via DNCES, utilizing working voltage of 18 kV and spinneret rotation speed of 200 rpm. The whole collecting time and gas infusion speed were fixed at 1 min and 5.4 m/s, respectively. Figure 3a , b shows the electron micrographs and optical imaging of one-directional PVP fibers, showing fiber with high alignment and uniform structure. Figure 3c shows crisscross structure by the rolling plate 90°after 30-s collection. When altering the rolling angle to 60°(20 s) and 45°(15 s), the corresponding fiber structures with a stack angle of 60°and 45°can be generated as shown in Fig. 3d , e. Multi-directional structure as shown in Fig. 3f was fabricated by using a collector rotation speed of 30 rpm resulting in aligned fibers at either angles. Electron and optical micrographs of one-directional TPU fibers are shown in Fig. 3g, h; well-aligned fibers with zig-zagged track appearance were observed specific solution concentration (27.5 wt%) when fiber formation is achievable but chain entanglement remains insufficient [26] . Figure 3i -l were two-to multi-directional TPU structures fabricated by the same preparation method.
Multi-directional patterning of composite material
Multi-directional fiber structure comprising both PVP and TPU fibers are generated when both formulations are infused into respective compartments at 18 kV and 200 rpm. Rhodamine B and Acriflavine were added into TPU and PVP solutions, respectively, showing red and green fluorescence. Individual and over-layered fluorescent micrographs from one-to multi-direction (180°, 90°, 60°, 45°, n°) are shown in Fig. 4a-e , proving the ability of DRCES to fabricate composite multi-directional structures. The addition of fluorescent dyes also proves directional and spatial loading of both materials, which can be used to carry multiple drugs, which is becoming a great need in drug delivery [38, 39] . Figure 4f -j shows the corresponding electron micrographs of blended fiber structures, zigzag TPU fibers, and linear PVP. The sustainable fabrication of fibers with fluorescent dyes also shows the stability of DRCES.
FTIR and X-ray diffraction spectroscopy FTIR focusing in the 4000-400 cm −1 region as shown in Fig. 5a was used to confirm TPU and PVP fiber blends. Characteristic absorption peaks at 1658 cm −1 and 1288 cm −1 are observed for PVP, which are assigned to C=O and C-N vibrations, respectively [40] . The spectra for TPU shows two characteristic IR regions: the absorption peaks at 1530 cm
corresponds to the deformation vibration of (-NH-) bonds in the urethane (-NHCOO-) groups from amide II and the peak at 1692 cm −1 represents the (-C=O) stretching in the urethane groups from amide I [41] . Compared to single polymer, spectra for mats prepared using PVP and TPU exhibit characteristic peaks for the active at 1530, 1658, and 1228 cm −1
. No other absorption bands were detected in composite fibers, confirming no new chemical bond formation or significant intermolecular interactions arising within blended fibers.
X-ray diffraction (XRD) shown in Fig. 5b was performed to investigate the crystal structure of the blend fibers. The high-intensity peaks are lacking from the X-ray diffraction patterns of three samples. TPU have only one diffuse X-ray peak at 2θ = 20°, indicating amorphous region and poor crystallinity in the TPU fiber structure [42] . There is also an amorphous structure in the PVP samples with two diffuse X-ray Fig. 6 Multi-angle water contact records of composite fiber structures (PVP and TPU) with different directions at 2 s after droplet release peak at 2θ = 12°and 2θ = 22° [43] . The X-ray diffraction spectroscopy of the composite materials is the superposition of single-material spectroscopy, which proves that crystallinity of the blend fibers remains unchanged in DRCES process; the characteristics of composite fibers are stable.
Water contact analysis
Multi-directional fibrous structures generated using DRCES can be engineered to display Bdisordered^topographies on a reproducible basis. BAnisotropy^of aligned fiber membranes is converted into Bisotropy^and physical properties including hydrophilicity/hydrophobicity of aligned fiber membranes are uniformly distributed. Water contact analysis was used to determine water droplet behavior through observation from various angles. Figure 6a shows multi-angle water contact angle data of composite fiber structures (PVP and TPU) possessing various alignments (180°, 90°, 60°, 45°, n°) at 2 s after droplet release. WCAs display significant differences between vertical (a1) and parallel viewings groups (a2) and the WCA values of a1 are smaller than a2. Although PVP is hydrophilic and TPU is hydrophobic, the membrane exhibits hydrophilic properties (WCA < 90°). In addition, unidirectional distribution of aligned fibers makes the water droplet more likely to extend in PVP fibers' extension direction, and TPU fibers will form a barrier in the vertical expansion direction of the water droplet, resulting in inhomogeneous distribution of liquid. When the membrane is fabricated into crisscross structure (90°) shown in Fig. 6b , the fiber will lead droplet extend in the direction of b2 and b3, resulting in larger WCA values of b2 than b2, b3. Similarly, the viewing angle (c1) of the threedirectional structure in Fig. 6c has no corresponding verticaldistribution fibers, so its WCA value is obviously greater than that of the other three (c2-c4). Figure 6d shows the fourdirectional structure; the viewing angles (d1-d4) have the corresponding vertical-distribution fibers, so that there is no significant difference in the WCA values obtained from the four observation angles. In multi-directional fiber structures shown in Fig. 6e , the WCA values observed from different viewing angles (e1-e8) tend to be consistent, proving that the structure has basically uniform WCA distribution in all directions and is similar to the Bdisordered fibers.^Increasing direction of fiber structure can increase uniformity of water contact angle, which effectively modulates surface wettability. The regulation of hydrophobic characteristics also has a significant effect on drug release rate and the direction of cell extension.
Drug release analysis
Antibacterial drug TE-HCl was used to investigate the drug release behavior from various directional structures. Figure 7a shows one-to multi-directional PVP structures which have stack angles of 180°, 90°, 60°, 45°, and n°, respectively. Complete release of TE-HCl was achieved from all PVP samples in~60 min, and the corresponding cumulative release amounts are 99.0 ± 0.6%, 99.3 ± 0.4%, 99.9 ± 0.4%, 98.8 ± 0.3%, and 99.7 ± 0.2%, respectively. The high cumulative release amount is attributed to the high soluble nature of both PVP and TE-HCl. And we also found that early release rate of PVP structures will decrease with increasing directions; the possible reason is that more layered angles have a better package of the central fibers, which reduces the contact area with PBS solution and shows slower drug release effect. This phenomenon is common in drug fast release period, and the release rate of drugs in this period mainly depends on the contact area between the carrier and PBS [44] .
A similar tendency in the early period of drug release can also be observed using directional TPU structures, which is shown in Fig. 7b . With the increase of fiber direction, early drug release of TPU fiber structure has a relatively slow rate. However, multi-directional TPU structures have larger cumulative release amount than others at middle release period (> 16 h); the corresponding cumulative release amounts are 64.4 ± 0.7%, 64.7 ± 1.0%, 66.5 ± 0.8%, 68.4 ± 1.1%, and 70.5 ± 1.2% for one-to multi-directional TPU structures, respectively. The explanation for faster release rate in the middle/long period of multi-directional structure is that lowdirectional fiber enhances the interaction with PBS and promotes the drug release [26, 45] .
When multi-directional structure (n°) was prepared by composite materials (PVP and TPU), the properties of each material will influence the drug release rate of the other one. For PVP fibers in the composite structure, the cumulative release is 80.5 ± 1.6% at 10 min and 95.9 ± 1.4% at 30 min, and compared with single PVP's cumulative release (96.6 ± 0.4% at 10 min and 99.9 ± 0.2% at 30 min), the release rate decreases significantly. The reason is that hydrophobic TPU fiber in the composite structure inhibits the contact between partial PVP fibers and PBS, resulting in a decreasing release rate. For TPU fibers in the composite structure, the presence of the hydrophilic PVP fibers makes improving release rate compared with single TPU material structure, especially in the first hour (PVP fast dissolving). The cumulative release of TPU fibers in composite structure was 50.1 ± 0.5%, while the single TPU structure was 24.2 ± 0.03%. Therefore, the regulation of drug release rate can be achieved through the adjustment of composite material category and structure. Higuchi model is usually applied to confirm diffusive drug release from a polymer matrix system. The Higuchi model is shown in Eq. (2):
Here, M t is the cumulative drug release at time t and k H is the Higuchi constant. According to previous studies, for Higuchi model, if the cumulative drug release content is linearly dependent on square root of time, drug release is likely to be diffusion controlled. The Higuchi model was used to analyze drug release in pure PVP, pure TPU, and blended PVP/ TPU multi-directional matrices. Drug release data with corresponding parameters are displayed in Table 1 . R 2 values of pure PVP and pure PCL were significantly higher than those of blended multi-directional matrices, suggesting the release mechanism is more complex.
In vitro cell culture
Fibroblasts have diverse morphologies when planted in different composite fiber structures, indicating the ability of one-to multi-directional (180°, 90°, 60°, 45°, n°) structures to regulate the cell distribution. As shown in Fig. 8 , morphology of L929 cells was confirmed after 96-h culture using fluorescent microscopy once cells were stained red for F-actin and blue for cell nuclei 180°stacked composite fibers were used in Fig. 8a ; cell groups will expand in the direction of fibers and have longstrip morphologies. When 90°stacked fiber structures were applied in Fig. 8b , most of the cell groups still distributed according to the fiber direction; however, the cells which were attached at the intersections will have a circular distribution. As the fiber direction increases to the three-direction (60°) in Fig.  8c and the four-direction (45°) in Fig. 8d , more cell groups will present a circular distribution [46] . As shown in Fig. 8e , multidirectional structure (n°) can provide more attachment points for cell adhesion and have circular distribution rather than long-strip distribution. The multi-directional structure simulates the spatial characteristics of disordered fibers in cell culture. Cell viability indicates membrane biocompatibility. Herein, L929 cells were cultured for 96 h, and cell proliferation on composite fibrous membrane was observed, indicating negligible cytotoxicity. Furthermore, as shown in Fig. 8 , mass of L929 cells on one-to multi-directional structures indicates membranes are non-toxic and support cell proliferation.
Conclusion
In this study, dual rotation centrifugal electrospinning system (DRCES) is designed, and multi-directional composite structures are fabricated by rotating the spinneret and collector simultaneously. The uniformity of water contact angle could be improved by increasing direction of fiber structure, and in vitro cell culture proves the biocompatibility and the ability to regulate the cell distribution of one-to multi-directional composite membranes. This system overcomes the fiber output limitation in ES system and provides the foundation for fast fiber fabrication method. In addition, airflow is proved to be effective for fiber solidification. The drug release test further confirmed that the regulation of drug release rate can be achieved by the composition of compound materials and the adjustment of structure. The present work demonstrates a promising low-cost approach for large-scale production of multi-directional composite fiber structure, which indicates potential application in biomaterials and biomedical engineering.
